Introduction
Microglial cells, representing 10%-20% of the total glial cells in the central nervous system (CNS), are the prime innate immunocytes responding against inflammatory, infectious, and other pathophysiological stimuli. 1 Under "rest" conditions, they show highly ramified shapes and actively supervise the microenvironment of CNS. 2 In case of acute insults, they quickly transform into highly activated ameboid-like shapes, phagocytize the injured neurons, release inflammatory factors, and thus restore the homeostasis of CNS. 3 However, if the insults cannot be controlled effectively, a chronic, self-propagating microglial response characterized by sustained release of cytotoxic molecules (cytokines, chemokines, and radical species) will be incurred, 4, 5 which usually results in chronic neuroinflammation and secondary neuronal injury. This is a common phenomenon also observed in many acute/chronic retinal degenerative diseases, such as glaucoma, 6 age-related macular degeneration, 7 and ocular traumatic injury. 8 Therefore, inhibiting overactivated microglial responses and alleviating the submit your manuscript | www.dovepress.com
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To date, great efforts in screening new drugs capable of inhibiting overactivated microglial responses have achieved many progresses. Our team identified a set of drugs that exhibited anti-neuroinflammatory effects. We found that minocycline not only significantly decreased the number of activated microglia in the subretinal space and outer nuclear layer, but also remarkably alleviated the loss of photoreceptors in light-induced retinal degeneration. 9 Additionally, we also investigated the effects of tetrandrine on microglial activation and neural survival. We found 1 μM of tetrandrine significantly inhibited the production of TNFα and IL1β in mouse microglial cells 10 , and alleviated the death of retinal ganglion cells in an acute ocular hypertension model. 11 However, since the working concentration of tetrandrine in vitro is much higher than that in the blood, it is hard to be used as an antineuroinflammatory drug in clinical practice.
Recently, we found papaverine (PAP), an isoquinoline alkaloid extracted from Papaver somniferum L, not only suppressed the lipopolysaccharide (LPS)-induced microglial activity by inhibiting transcription/production of proinflammatory factors, but also promoted the transformation of activated BV2 cells from cytotoxic phenotypes (M1/M2b) to a neuroprotective phenotype (M2a), and these effects were mediated by NF-kB signaling pathway.
Materials and methods ethics statement
All experiments were performed in accordance with the guidelines of Association for Research in Vision and Ophthalmology Statement and were approved by the Institutional Review Board of Zhengzhou University.
study design
Cell viability assay was performed to determine the working concentrations of PAP (H32020967, Heng Rui Medicine Co. LTD, Jiangsu, People's Republic of China).
To evaluate the effects of PAP on microglial activation, BV2 cells were seeded on six-well plates overnight and pretreated with PAP at working concentration for 4 hours. Then, LPS (Sigma-Aldrich, St Louis, MO, USA; final concentration: 100 ng/mL) was added to the medium and continually incubated for 24 hours. The supernatant was collected for enzyme-linked immunosorbent assay (ELISA). The cells were lysed for real-time polymerase chain reaction (PCR) assay.
To investigate the possible mechanism involved in the action of PAP, the cells were seeded on poly-L-lysine coated dishes and pretreated with PAP as described earlier. reverse-transcriptase polymerase chain reaction (rT-Pcr) BV2 cells were prepared as described in the section "Study design". Then, the cells were lysed and total RNA was extracted by TRIzol Reagent (15596-026, Thermo Fisher Scientific, Waltham, MA, USA). RT-PCR and quantitative PCR were performed on the SuperScript One-Step RT-PCR System (AB7500, Thermo Fisher Scientific) according to the manufacturer's instructions. Briefly, ~1,000 ng of RNA template was reverse-transcribed using a PrimeScript™ RT Master Mix Kit (RR036A, TaKaRa Bio Inc, Dalian, People's Republic of China). Subsequently, 2 μL of cDNA solution of each sample was subjected to RT-PCR in a 20 μL reaction mixture containing 10 μL of 2× SYBR ® Premix Ex Taq II, 0.4 μL of 50× ROX Reference Dye, 1.6 μL of PCR forward/reverse primer mixture (final concentration: 0.4 μM), and 6 μL of dH 2 O; β-actin served as an internal control. The primers were designed as listed in 
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The supernatant was collected as described in the section "Study design". The production of IL1β and TNFα was measured by ELISA. Mouse IL1β ELISA kit (ab100705) and TNFα ELISA kit (ab100747) were purchased from Abcam Inc. (Cambridge, MA, USA). The experiments were conducted in accordance with the manufacturer's instructions.
Western blot analysis
Total proteins were prepared using RIPA lysis buffer (SigmaAldrich) supplemented with 1 mM phenylmethanesulfonylfluoride (PMSF, Sigma-Aldrich). Nuclear proteins were extracted using Nuclear and Cytoplasmic Protein Extraction Kit (P0028, Beyotime, Shanghai, People's Republic of China). After centrifugation at 12,000× g for 15 minutes at 4°C, the supernatant was collected and protein concentration was determined by a Bicinchoninic Acid Protein Assay Kit (BD0028, Bioworld, Dublin, OH, USA). Approximately, 30 μg of protein sample was loaded into each well of a 10% SDS-PAGE gel for electrophoresis, followed by electrotransfer to polyvinylidenedifluoride membranes (GE Healthcare, Beijing, People's Republic of China). The membranes were blocked prior to incubation with primary antibodies, NF-kB P65 (C22B4) rabbit mAb (1:1,000; #4764, Cell Signaling, Danvers, MA, USA), Phospho-IKK α/β (Ser176/180) (16A6) rabbit mAb (1:1,000; #2697, Cell Signaling), β-actin (1:500; #ab3280, Abcam), and Lamin B (1:1,000; Santa Cruz Biotechnology Inc., Dallas, TX, USA, a kind gift from Dr Zhang), overnight at 4°C. After washing with phosphatebuffered saline (PBS) for three times, the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:1,000; A0208, Beyotime), developed with Super signal West Dura Extended Duration Substrate (Thermo Scientific Pierce, Rockford, IL, USA), and imaged using an Autochemie System (UVP, Upland, CA, USA). The relative expression of p-IKK and nuclear P65 was normalized with β-actin and Lamin B, respectively.
Immunofluorescent staining
Cells were fixed with 4% paraformaldehyde for 10 minutes, then permeabilized and blocked with Immunol Staining Blocking Buffer (P0102, Beyotime) for 45 minutes at room temperature. Cells were incubated with NF-kB P65 (C22B4) rabbit mAb (1:100; #4764, Cell Signaling) or Phospho-IKK α/β (Ser176/180) (16A6) rabbit mAb (1:150; #2697, Cell Signaling) overnight at 4°C. After three washes with PBS, 50 μL of Goat anti-rabbit IgG H&L (Alexa Fluor ® 488) secondary antibody (1:1,000; ab150077, Abcam) was added and incubated for 2 hours at room temperature. Diamidinophenyl-indole (DAPI) was used to label the nuclei. Finally, images were captured by a fluorescence microscope.
statistical analyses
Results were represented as the mean ± SD (standard deviation). The statistical significance of differences was compared by one-way analysis of variance followed by Dunnett's test. Two-tailed values of P,0.05 were considered to be statistically significant.
Results
noncytotoxic effects of PaP under proper concentrations
In this study, cell viability test (CCK-8 assay) was used to evaluate the cytotoxic effects of PAP on BV2 cells. As shown in Figure 1 , compared with the control group, pretreatment with 50 μg/mL of PAP significantly inhibited the viability of BV2 cells (P,0.05), while no significant difference was observed for the concentrations below 10 μg/mL (P.0.05). Therefore, PAP at a concentration range from 0 to 10 μg/mL was used in the following experiments. 
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Dang et al Figure 1 The effects of PaP on the viability of BV2 cell. Notes: BV2 cells were pretreated with PaP (0, 0.4, 2, 10, and 50 μg/ml) for 4 hours followed by lPs (100 ng/ml) stimulation for an additional 24 hours. cell viability was measured by ccK-8 assay. compared with the control group, pretreatment with 50 μg/mL of PAP significantly inhibited the cell viability (**P,0.05), while no significant difference was observed at the concentrations below 10 μg/mL (*P.0.05).
The results are represented as the mean ± sD of three independent experiments. Abbreviations: PaP, papaverine; lPs, lipopolysaccharide; ccK-8, cell counting Kit 8; sD, standard deviation; cOn, control.
β Figure 2 The transcription of proinflammatory genes after PAP pretreatment. Notes: BV2 cells were pretreated with PaP (0, 0.4, 2, and 10 μg/ml) for 4 hours and received lPs stimulation for another 24 hours. Then total rna was extracted for rT-Pcr. (A-D) shows the transcription of il1β, TnFα, iNOS, and COX-2, respectively. LPS stimulation significantly increased the transcription of proinflammatory genes, while PAP pretreatment remarkably reversed these effects in a dose-dependent manner (*P,0.05). remarkably, 0.4 μg/ml of PaP pretreatment was unable to suppress the transcription of COX-2 after LPS stimulation (**P=0.467). The results are represented as the mean ± sD of three independent experiments. Abbreviations: PaP, papaverine; lPs, lipopolysaccharide; rT-Pcr, reverse transcriptase polymerase chain reaction; sD, standard deviation; cOn, control.
PaP suppressed lPs-induced microglial activation
BV2 cells are sensitive to LPS stimulation. In this study, the transcription and production of proinflammatory factors were utilized to evaluate microglial activation.
PAP inhibited the transcription of proinflammatory genes in a dose-dependent manner
The transcription of proinflammatory genes (Il1b, Tnf, Nos2, and Ptgs2) was measured by RT-PCR. As shown in Figure 2 , LPS stimulation significantly increased the transcription of proinflammatory genes, while PAP pretreatment remarkably reversed these effects in a dose-dependent manner (P,0.05). Remarkably, pretreatment with 0.4 μg/mL of PAP was unable to suppress the transcription of Ptgs2 after LPS stimulation (P=0.467).
PaP attenuated the production of il1β and TnFα in a dose-dependent manner
Consistent with the changes in transcription of Il1b (IL1β) and Tnf (TNFα), LPS stimulation significantly increased the production of IL1β and TNFα, while PAP pretreatment remarkably suppressed these effects in a dose-dependent manner (P,0.001, Figure 3 ). 
PaP modulated the phenotype transformation of BV2 cells
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PaP inhibits microglial activation via nF-kB signaling pathway M2b, and M2c. Figure 4 shows that PAP pretreatment significantly suppressed the transcription of M2b-associated markers (Il1rn and Socs3, P,0.001 and P,0.01, respectively), but upregulated the transcription of M2a-associated markers (Arg1 and Mrc1, P,0.01 and P,0.05, respectively).
In addition, as demonstrated in Figure 2C and D, M1-associated markers (Nos2 and Ptgs2) were also downregulated after the PAP pretreatment.
PaP suppressed lPs-induced microglial activation by nF-kB signaling pathway NF-kB signaling pathway plays a vital role in inflammatory responses by regulating a set of genes encoding proinflammatory cytokines, that is, chemokines. NF-kB signaling is activated by the phosphorylation of IKK, which promotes the degradation of I-kB from NF-kB dimer. Then, NF-kB P65 could translocate to the nucleus and activate the target genes. 
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As shown in Figure 5A and B, we observed a significant increase in the nuclear translocation of P65 and a remarkable increase in the upregulation of intranuclear P65 after 1 hour of LPS application, but this effect was significantly abolished by pretreatment with 10 μg/mL of PAP for 4 hours. Consistent with the changes exhibited by P65, LPS stimulation increased phosphorylation of IKK in BV2 cells, but this was partly blocked by PAP pretreatment (Figure 5C and D) .
In this study, we also tried to determine the role of MAPKs and p-STAT3 in LPS-induced microglial activation in the presence or absence of PAP pretreatment, but did not get a positive result (data not shown).
Discussion
Glaucoma, a neurodegenerative disease characterized by sustained loss of retinal ganglion cells (RGCs) and visual field, is the leading cause of irreversible blindness worldwide. 12 Microglial activation plays a crucial role in the development of glaucomatous optic neuropathy. 6 Numerous evidences suggested that microglial activation takes place prior to the loss of RGCs 13 and that activated microglia are found clustered in the optic nerve head -the site of initial axonal degeneration.
14 Therefore, inhibiting microglial activation is a promising approach for glaucoma therapy. In this study, we identified PAP could significantly suppress the transcription and production of proinflammatory factors and modulate the phenotype transformation of BV cells (from M1/M2b to M2a). These effects are probably mediated by NF-kB signaling pathway. As a vasodilating agent, PAP is widely used in the treatment of visceral spasm and vasospasm. 15, 16 The blood concentration (0.408 and 2.4 μg/mL after oral and intravenous administration, respectively) was similar to the Notes: cells were seeded on poly-l-lysine coated dishes and pretreated with PaP (10 μg/ml) for 4 hours. Then, lPs was added to the medium and incubated for another 1 hour. For immunofluorescence analysis, cells were fixed and incubated with primary/secondary antibodies. For Western blotting, cells were lysed and the total/nuclear protein was extracted for further analysis. A significant increase in nuclear translocation of P65 and remarkable upregulation of intranuclear P65 were noticed after 1 hour of lPs application, but this effect was partly abolished by 4 hours of PaP pretreatment (A and B) . consistent with the changes of P65, lPs stimulation increased phosphorylation of iKK in BV2 cells, but it was partly blocked by PaP pretreatment (C and D). Abbreviations: PaP, papaverine; lPs, lipopolysaccharide; cOn, control; DaPi, diamidino-phenyl-indole.
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PaP inhibits microglial activation via nF-kB signaling pathway working concentrations used in this study. 17 Therefore, PAP might be a valuable anti-neuroinflammatory candidate for the treatment of neurodegenerative diseases.
Immortalized mouse cell line (BV2) was utilized to evaluate the microglial activation. This is mainly due to the reason that primary microglia obtained by the current protocols show decreased efficiency and that freshly isolated primary microglia exhibit similar morphological, functional, and phenotypical properties. Indeed, we were also able to detect the morphological changes of BV2 cells after LPS stimulation. In the presence of LPS (100 ng/mL), the BV2 cells quickly changed from spindle-or bipolar-like shapes to amoeboid-like shapes with short thick processes, but this condition could be reversed by pretreatment with 10 μg/mL of PAP (data not shown). Interestingly, in another study, we found PAP was unable to reverse the morphological changes of rat primary microglia induced by LPS. 18 These results suggested that although morphological changes and microglial activation are closely related, they might be mediated by different signaling pathways and that some differences exist between the species. However, the morphological changes are relatively less specific and sensitive in evaluating microglial activation. We evaluated the transcription and production of proinflammatory factors of BV2 cells after LPS stimulation. TNFα is a proinflammatory cytokine modulating the direct and secondary neurodegenerative injury in the CNS. There are several evidences that support the role of TNFα as a mediator of neurodegeneration in glaucomatous eyes. [19] [20] [21] Overexpression of TNFα after CNS injury has been associated with deterioration in neuronal damage, whereas its inhibition was correlated with a good outcome. 22, 23 Su et al showed that inhibition of NF-kB signaling pathway by rapamycin not only suppressed the release of neurotoxic factors, but also decreased the apoptosis of RGCs in vitro and in vivo. 24 Yang et al also reported that improvement in the survival of RGCs could be obtained by modulating NF-kB pathway in a mouse glaucoma model. 25 IL1β, mainly produced by activated monocytes (including microglia), is another mediator in neuroinflammatory response. Recent studies suggested upregulation of IL1β was highly associated with some neurodegenerative diseases, such as glaucoma 26 and multiple sclerosis. 27 Mookherjee et al found that genomic region containing the IL1 gene cluster influenced the pathogenesis of normal-tension glaucoma. 26 A previous study also showed that IL1β at high doses could elevate the transcription of iNOS (Nos2) and thus increase NO production. 28 In this study, we found LPS stimulation significantly increased the transcription of IL1β (Il1b), TNFα (Tnf), iNOS (Nos2), and COX-2 (Ptgs2), while PAP pretreatment remarkably reversed these effects in a dose-dependent manner. Consistent with the changes in gene transcription, the production of IL1β and TNFα was also decreased after the PAP pretreatment. Therefore, we concluded that PAP at proper concentrations could inhibit the expression of proinflammatory factors and alleviate neuroinflammatory response, and thus may be used to alleviate the neuronal damage in neurodegenerative diseases.
However, activated microglia acts multiple facets during neuroinflammation, not only cytotoxicity 29 but also neuroprotection. 30 The different biological effects exhibited by activated microglia are mainly attributed to the ability to transform into four diverse activation states:
31 M1 with cytotoxic properties; M2a with an alternate activation and involved in neuroprotection and regeneration; M2b with an immunoregulatory phenotype; and M2c with an acquireddeactivating phenotype. M1 and M2b mediate the primary and secondary neuronal injury, respectively, while M2a shows a negative effect. Therefore, modulation of microglial phenotype may represent an innovative strategy for the treatment of neurodegenerative diseases. In our study, we found that LPS stimulation significantly increased the transcription of M1 markers, such as iNOS (Nos2) and COX-2 (Ptgs2). PAP pretreatment remarkably suppressed the transcription of M2b markers (IL-1ra (Il1rn) and SOCS3 (Socs3)) and M1 markers (iNOS (Nos2) and COX-2 (Ptgs2)), but significantly upregulated the transcription of M2a markers (Arg1 (Arg1) and CD206 (Mrc1)) in a dose-dependent manner. The phenotype transformation induced by PAP indicates that it would be an ideal neuroprotectant in neurodegenerative diseases.
As PAP is a phosphodiesterase inhibitor, the anti-inflammatory effect of PAP may be attributed to the elevation in the levels of cAMP. Elevation of intracellular cAMP results in PKA activation and phosphorylation of CREB, and thus promotes the recruitment of coactivators, such as CREB or the homologous protein p300, away from NF-kB in the nucleus and finally inhibits the NF-kB signaling pathway. 32 However, we failed to observe any positive results associated with the changes in p-CREB after PAP pretreatment in BV2 cells (data not shown). We then evaluated the changes exhibited by P65 in the nucleus, p-IKK, p-ERK, p-38, and p-STAT3 in the presence or absence of PAP pretreatment, and found a prominent nuclear translocation of P65 after LPS application, but PAP significantly reversed this effect. In addition, LPS application remarkably increased the expression of p-IKK, while PAP pretreatment partly abolished this effect, which 
Conclusion
In conclusion, we identified PAP not only suppressed the LPS-induced microglial activity by inhibiting transcription/ production of proinflammatory factors, but also promoted the transformation of activated BV2 cells from cytotoxic phenotypes (M1/M2b) to a neuroprotective phenotype (M2a). These effects were probably mediated by NF-kB signaling pathway. Therefore, we concluded PAP would be a promising candidate for the treatment of neurodegenerative diseases.
